Abstract-We investigate the rate-compatible punctured convolutional (RCPC) codes concatenated with hierarchical QAM for designing a cross-layer unequal error protection scheme for H.264 coded sequences. We first divide the H.264 encoded video slices into three priority classes based on their relative importance. We investigate the system constraints and propose an optimization formulation to compute the optimal parameters of the proposed system for the given source significance information. An upper bound to the significance-weighted bit error rate in the proposed system is derived as a function of system parameters, including the code rate and geometry of the constellation. An example is given with design rules for H.264 video communications and 3.5-4 dB PSNR improvement over existing RCPC based techniques for AWGN wireless channels is shown through simulations.
INTRODUCTION
Multimedia applications such as video streaming, which are delay sensitive and bandwidth intensive, are growing rapidly over wireless networks. However, video transmission over wireless channels requires the use of sophisticated compression techniques to reduce the data rate demands so that the available channel bandwidth can be efficiently utilized. The compressed video data is very sensitive to any bit errors or packet losses because the errors not only degrade the quality of the corrupted frame(s) but may also propagate to the subsequent frames. Wireless communication systems are prone to channel errors due to fading effects, interference, and thermal noise. These channel errors can severely degrade the quality of the received video signal.
The transmission of video over lossy wireless networks requires the use of error protection schemes against channel errors that can properly allocate system resources to minimize the dis-tortion at the receiver. In video applications (such as the H.264/AVC bit stream), some parts of the compressed video bit stream contribute more to the quality of the received video than other parts [1] . Therefore, unequal error protection (UEP) schemes are generally used to increase the robustness of multimedia transmission over wireless channels [2] [3] [4] [5] .
In this paper, we consider the state-of-the-art ISO/ITU H.264/AVC video coding standard [6, 7] . Similar to previous ITU-T and MPEG video coding standards, H.264/AVC is a block-based motion-compensated hybrid video coding scheme. H.264/AVC also has various error resiliency features for robust video transmission over lossy communication channel. Since it is difficult to recover data from the corrupted H.264/AVC video packets, and packet retransmission is usually not feasible due to real-time transmission requirements, the erroneous video packets are discarded and error concealment schemes are used [6, 8] .
We use a packet prioritization scheme as described in Section II, which uses the frame type, frame location and packet data partition type information [1] . By using this prioritization scheme, the H.264 slices are distributed into three queues of different priorities based on their contribution to the received video quality. We then design a cross-layer UEP scheme for the prioritized H.264 bit stream using the joint design of RCPC codes and hierarchical QAM. The UEP scheme provides relatively higher protection, i.e., lower packet error rate (PER), to the higher priority video slices. The bit error rates (BER) of the combined RCPC code and hierarchical modulation are derived as functions of the system parameters, including the RCPC code rates and the geometry of the hierarchical QAM. As opposed to the heuristic selection of system parameters typically adopted in the literature, we propose an optimization formulation to select system parameters by pursuing the minimization of the expected loss of source significance information at the receiver. A design example using 8-QAM modulation that improves the peak signal-to-noise ratio (PSNR) of 3-priority H.264 video bit streams by nearly 3.5-4 dB compared to existing RCPC based techniques over an AWGN channel is shown.
Related Research
Several UEP schemes have been studied in the literature. In [9] [10] [11] , the BER of the hierarchical PAM and QAM are derived as functions of the geometric parameters in the constellations. In [12] , a tutorial on convolutional codes is presented. In [13, 14] , RCPC codes are investigated. A search for good RCPC codes was conducted, and examples of good codes were presented. Some systematic approaches of quantifying source significance information were studied in [15] [16] [17] . In [18] , our co-author used the asymmetric PSK modulation to minimize the distortion in pulse-coded modulation signals. In [19] [20] , hierarchical modulations were investigated for multimedia applications. In [2] [3] , joint source-channel coding and hierarchical modulation techniques were employed to optimize the perceptual video quality. In [21] , the hierarchical QAM design for H.264/AVC codecs was studied. In [22] , our co-author studied asymmetric 8-PSK for adaptive transmission strategies in mobile ad hoc networks. In [23] , a low complexity UEP scheme using hierarchical QAM was discussed for H.264 video transmission. In [4] , our coauthors demonstrated H.264 video quality improvement by using asymmetric 8-PSK modulation over Raleigh fading channels. Preliminary findings of the research discussed in this paper have been presented in [5] .
Novelty of the Proposed Approach
To the best of our knowledge, the combination of forward error correction (FEC) and hierarchical modulation has not so far been investigated. When RCPC codes and hierarchical modulation are jointly employed in a system, another degree of flexibility is available. Some parts of the data can be protected only by the hierarchical modulation while others may be protected mainly by a low FEC code rate. Employing FEC codes requires constellation expansion to maintain throughput which imposes a 3 dB per bit penalty with QAM sets. On the other hand, hierarchical modulation improves robustness of one priority bitstream at the expense of the others, but, without any constellation expansion. So, a judicious and joint application of the two techniques has potential to outperform existing techniques.
In existing UEP schemes, the choice of system parameters (geometry of the hierarchical signal constellation) has mostly been done in a heuristic manner. For example, in [21] , the modulation asymmetry parameter α was chosen to be either 2 or 4 heuristically. In [19] , the asymmetry parameter θ was chosen adaptively based on feedback from the receiver. This requires a real-time feedback channel from the receiver which may not always exist. In [23] , the asymmetry parameter α was chosen such that the highest priority bit error rate is fixed at 10 -5 , irrespective of the relative importance of the other priorities or even the channel SNR. The choice of system parameters greatly influences the UEP performance. In this paper, we systematize the choice of system parameters based on known features of the video bitstream.
Since the prioritized H.264 video bitstream is flexible as discussed in Section II, the code rate and modulation order need not be tightly constrained by the channel symbol rate. In other words, some lowest priority packets can be dropped on-the-fly, based on the available channel symbol rate under dynamic wireless channel conditions.
In Section II, we provide the background for prioritization of the video data. In Section III, we provide a brief overview of RCPC codes and hierarchical modulation. In Section IV, we describe the system model of our joint RCPC and hierarchical modulation system. In Section V, we present ways of optimizing the code and modulation parameters. We provide simulation results in Section V, and our conclusions in Section VI.
PRIORITIZATION OF H.264 VIDEO SLICES
We use the H.264/AVC encoder with encoding pattern: IDR, B, P, B, P,…, I, B, P, …, B, IDR, .. The frames between two IDR (instantaneous decoding refresh) frames form one group of pictures (GOP). We have used the RTP mode of encoder where the compressed data is arranged in fixed size network abstraction layer (NAL) units which are also known as slices. Each slice can be decoded independent of other slices of the frame [6, 7] . In this paper, we arrange each NALU or slice in a video packet and enable error resiliency features available in H.264/AVC, such as the dispersed mode of flexible macroblock ordering (FMO), constrained intra-prediction (CIP) and data partitions (DP). The data partitioning feature divides the video packets into three partitions known as DP A, DP B, and DP C [6] [7] [8] .
We classify the H.264 NALUs into three priorities as shown in Table 1 , which effectively utilizes the frame type and frame location within GOP, and the error resiliency features such as FMO, CIP, and data partitions. Using the dispersed mode of FMO, we divide each frame in two slice groups (SG) such that the adjacent macroblocks are assigned to slices in different SGs.
This effectively creates a checker board-like pattern. Experiments were conducted to study the effect of complete loss of one SG data on the decoded frame quality. We observed that the error concealment scheme was able to sufficiently recover the loss of one SG when the other SG of the frame is received, due to the availability of the macroblocks surrounding the lost macroblocks. Therefore, we give higher priority to one SG over the other SG for some frame types. The CIP was enabled to decode DP B packets independent of DP C packets. Since B frames are not used as reference, and therefore do not introduce the error propagation, they are assigned a lower priority.
The IDR frames in H.264/AVC act as key frames, similar to I-frames in MPEG-4. Since the IDR frame is not partitioned by DP feature, they are assigned the highest priority '1'. Since I frames (including its Data Partitions (DP) A and B) still play very important role in stopping error propagation in a GOP, they are also assigned priority '1'. The DP A and DP B data of all the P frames, the DP C data of P frames in SG1, and the DP A data of B frames in SG1 is assigned priority '2'. The remaining data of the GOP is assigned priority '3'. We can drop the required number of the lowest priority packets if the video bit rate exceeds the channel capacity. Discussion of this packet priority scheme can be found in [1] .
OVERVIEW OF RCPC CODES AND HIERARCHICAL PAM/QAM

RCPC Codes
In RCPC codes, a low-rate 1/N convolution code is punctured with period P to obtain a family of codes with rate P/(P+l), where l can be varied between 1 and (N-1)P. The puncturing of the convolutional code discards certain bits in the original low-rate mother code based on the puncturing matrix, known at both the encoder and decoder. The property of rate compatibility ensures that the bits of the high rate code are used in the low rate code. Therefore, the change of rates requires only the exchange of the puncturing matrix between the RCPC encoder and decoder [13, 14] . By using the Viterbi decoding algorithm, the performance of RCPC code is characterized by a set of parameters, including the distance spectra { } k c and the probability of error, k P . Here, k P is the probability that, in the Viterbi decoding trellis, an erroneous path deviating from the correct path by Hamming distance k is selected. The BER, denoted as ,
of the information bit by using hard decision decoding is upper-bounded by 
Hierarchical M-PAM
An illustration of hierarchical M-PAM is shown in Fig. 1(a) . The hierarchical M-PAM is parameterized by the set of distances which determine the geometry of the constellation points. Denoting 
, 2 (4, , ) 
, 0 , 1 , 
Hierarchical M-QAM
We first consider hierarchical M-QAM with [ , ,..., ]
. The example of 2/4/8-QAM is illustrated in Fig. 1(b) . The average energy per modulation symbol can be expressed as ( ) ( ) [ , ,..., ]
The BER of the in-phase bits can be expressed as , , ( , , , ) ( 2 , , ) 
PROPOSED CROSS-LAYER SYSTEM MODEL
The proposed framework is composed of RCPC codes followed by the hierarchical PAM/QAM, as illustrated in Fig. 2 
where P is the period of the mother convolutional code and k l is the length of the redundancy bits. The channel symbol rate is C symbols/sec. The net data transmission rate of the k-th priority data stream is CR k .
Some low priority packets might have to be dropped at the source itself if the total symbol rate of the bitstream is higher than C. Since the prioritized H.264 bit stream can tolerate loss of some lowest priority packet as discussed in Section II, the code rate and modulation order need not be tightly constrained by the channel symbol rate.
We denote b E as the average energy per bit and sym E as the average energy per modulation symbol. The average energy per information bit can be expressed as 1 2 ... 
Bit Error Rate of RCPC Codes in Binary Symmetric Channel
In RCPC codes, the BER of the information bit, denoted by , e ib P , by using hard decision decoding was given in (1). The union-bound in (1) can be truncated after only a few terms at moderate-to-high signal to noise ratio (SNR). The distance spectrum can be obtained from the transfer function of the mother convolutional code and the puncturing matrix. The pairwise error probability terms k P can be expressed as [12] (1 ) , if odd
where, p is the BER for the coded bit of the RCPC. Since the RCPC is concatenated with the hierarchical PAM/QAM, p is now the BER of the specific hierarchical PAM/QAM bit. For example, the p for RCPC with M-PAM can be computed by (2) and (3), and the p for RCPC with M-QAM can be computed by (4) and (5).
Aggregation of Modulation Bits
We select the order of the modulation to be equal or larger than the number of priorities. In other words, with a modulation of Here k  represents the number of modulation bit streams aggregated to collectively transport the k th source bit stream. The aggregation is conducted by matching the order of importance in the source bit streams to the order of significance in the modulation bit streams.
Bit Error Rate for RCPC Code with Hierarchical Modulation
We denote the modulation scheme as 
Therefore, an upper bound to the BER of information bits at the k-th source bit stream, denoted as , , e ib k P , can be derived by using (1), (6) and (7) and replacing the p in (6) 
OPTIMIZATION OF PARAMETERS
In this section, we derive a mathematical formulation to compute the optimum parameters of the proposed combined RCPC codes with hierarchical QAM. Constraints of the system are:
1.The transmission rate must be smaller or equal to the source information bit rate for each priority, i.e.,
the inequality allows some packets to be dropped at the source itself. 
This formulation represents a generic expression to select the system parameters. In the scenarios where some of the system parameters are fixed, the parameter set of the objective func-
. This problem can be solved by using the genetic algorithms which are computationally complex. We propose below a suboptimal solution using some approximations, in order to reduce the computational complexity of our optimization formulation.
The information bit error probability expressions P e,ib,k (M,d) can be simplified in some cases to allow for a simpler computation of the optimum system parameters. For example, by ignoring non-nearest neighbors in the 4PAM signal constellation, equations (2a) and (2b) can be simplified as
The second derivative matrices (the Hessians) of the above BER expressions can be shown to be (8) has a Hessian that is positive definite since it is a linear combination of the two Hessians above. This objective function is therefore convex. The resulting formulation can be solved using standard convex optimization techniques such as the interior-point method. This simplified convex formulation facilitates faster system design and therefore real time implementation. However, it may not be possible to obtain generic convex approximations that are valid for all M-QAM sets due to the recursive nature of equations (3a) and (3b).
SIMULATION RESULTS
Our simulations demonstrate the improvement in PSNR when transmitting H.264 video data over noisy channels using the proposed scheme. We have used the CIF Foreman and Silent video test sequences (352x288 pixels, RGB color components with 24 bits per pixel, 300 frames) encoded by H.264/AVC encoder using the JM14.2 Extended Profile at 512kbps and 30 frames/second with 150 Byte NALU size packets. The H.264 NALUs or packets are divided into three priorities based on their frame and data partition type as shown in Table 1 . Packets of each priority are arranged in a separate queue -thus resulting in three queues -and protected using the prioritized RCPC code with hierarchical 8-QAM.
With slight traffic shaping, the traffic ratio of the three priorities is 15:20:24. The source significance information is ( ) SSI k f b  12, 4, and 2 for k = 1, 2, and 3, respectively. Here k represents the priority class with '1' being the highest priority and '3' being the lowest. This source significance information was computed based on the distortion in the received video quality (i.e., mean squared error (MSE) values) caused by the loss of packets in each priority. We use the RCPC code given in Table I of [14] with P = 8. The resulting RCPC code rates for the three priorities after optimization are 1
. We used an additive white Gaussian noise (AWGN) channel with the received SNR set to 10 dB. The system parameters were obtained by minimizing the expected loss of utility, formulated as,
This optimization was performed using a genetic algorithm, which generates the optimal parameter set as [7.11, 4. eter set. Specifically, the average PSNR in Fig. 3 for the error-free case, optimal set, Parameters Set 1 and the standard (symmetric) QAM are 33.5 dB, 26.8 dB, 25.3 dB, and 22.6 dB, respectively. In Fig. 4 , the average PSNRs for the error-free cases, optimal set, parameters set 1 and the standard QAM are 34.6 dB, 28.1 dB, 27.6 dB, and 24.6 dB respectively. Therefore, the use of asymmetric 8-QAM achieves up to 3.5 -4 dB PSNR improvement as compared to the standard 8-QAM with symmetric constellation. We have used the same set of optimum RCPC code rates, i.e., {8/16, 8/12, 8/10}, for the optimized parameters, parameter set 1, and standard 8-QAM in transmitting the video data. The reconstructed frames with each technique for Foreman and Silent video sequences are compared in Figs. 5 and 6 , respectively. Comparing the reconstructed frames from the Optimal Parameter set and Parameter Set 1 in Figs. 5 and 6, we observe that slight deviations in the parameters set cause visible differences, while the reconstructed frame from standard QAM shows the worst distortion. Therefore, the effectiveness of the proposed scheme and optimization formulation are verified. Our simulations at other channel SNRs showed similar benefits with the proposed joint hierarchical modulation and RCPC encoding system.
CONCLUSIONS
In this paper, we proposed a novel framework combining RCPC codes and hierarchical PAM/QAM to achieve unequal error protection for H.264 video. The H.264 data was divided into three priority queues by utilizing the relative importance of the data packets in the GOP. While heuristic choices of systems parameters are often employed in conventional unequal error protection schemes, we investigated optimizing the selection of parameters in the proposed system. By using the upper bound on the BERs and the available source significance information, we obtained the optimum system parameters by minimizing the expected loss of data significance information at the receiver. The proposed joint design improved the quality of video communications significantly by utilizing useful aspects of both asymmetric modulation and code rate adaptation.
